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ABSTRACT: The hormone estradiol 17β valerate (E2V), used in hormone replacement therapy, undergoes a structural phase
transition at 251.1 K on cooling. The crystalline structures of the low and room temperature phases were determined showing
that neither the space group nor the site symmetry and number of atoms are altered. These phases are related by a large
conformational reorientation of the valerate chain. In addition, thermal analysis, solid state nuclear magnetic resonance, and
infrared spectroscopy show that the transformation is reversible, discontinuous, and ﬁrst order, evidencing the occurrence of an
isosymmetric phase transition, rare for organic compounds.
1. INTRODUCTION
Structural phase transition classiﬁcation schemes are based on
the thermodynamic character (Ehrenfest’s classiﬁcation: ﬁrst or
second order) or on a structural basis (Buerger’s classiﬁcation:
displacive, order−disorder, reconstructive, etc.). Phase tran-
sitions driven by pressure and temperature are usually
characterized by a symmetry-lowering and can be described
by the mean-ﬁeld Landau expansion of the free energy.
However, a challenging type of structural transformation is the
isosymmetric phase transition, in which both phases have the
same space group with the same number of atoms in the unit
cell occupying the same Wyckoﬀ positions.1 Thus, isosym-
metric phase transitions can abruptly change cell volume or
lattice constants but not alter space group symmetry. Such
transitions can be related to changes in the electronic structure
and/or crystalline structure2 and were mainly observed under
the eﬀect of external pressure,3−5 but more and more examples
of temperature induced transformation have been reported.6−9
However, the identiﬁcation of isosymmetric phase transitions
could be diﬃcult because they usually involve small
modiﬁcation in the lattice parameters and molecular con-
formations. Because of that, they can be easily misinterpreted as
continuous distortions within the limits of stability of the same
phase, especially when driven by hydrostatic pressure.10 From
the thermodynamic point of view, isosymmetric phase
transition are necessarily ﬁrst order and discontinuous because
in the mean-ﬁeld description the Landau condition is always
violated. However, the Landau theory does not determine the
size of the discontinuity, and weakly discontinuous transitions
could be hard to detect near the critical temperature since both
structures are almost identical.1,6 Because of that, experimental
methods able to show the discontinuity in the thermodynamic
variables (diﬀerential scanning calorimetry) or sensitive to the
local environment (solid-state nuclear magnetic resonance or
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vibrational spectroscopy) provide valuable information to prove
the isosymmetric character of a phase transition.
In this contribution, it is shown that estradiol valerate suﬀers
a temperature-driven reversible isosymmetric phase transition
below room temperature. Estradiol valerate (E2V, Scheme 1),
estra-1,3,5(10)-triene-3,17-diol(17β)-17-pentanoate, is an es-
teriﬁed form of the natural hormone estradiol (E2), largely used
as source of free E2 in hormone replacement therapy, for
climaterium, in vitro fertilization, prostate cancer, and as a
contraceptive. The E2V molecule is relatively stable and was
designed to slowly release (three or more weeks) the E2 after
hydrolization, where it is completely converted into free E2 and
valeric acid. There are many pharmaceutical products
containing E2 in association with progestagen, such as E2V
plus dienogest (DNG), used to enhance the eﬀectiveness in
preventing pregnancy, once natural E2 causes poor cycle
control. In this way, concerning E2V, the literature reports
several methods to determine this active pharmaceutical
ingredient (API), most of them describing it in association
with other hormones, for quality control of this drug.11−17
As stated, isosymmetric phase transitions are rare for organic
compounds and could easily be misidentiﬁed due to the subtle
changes associated with these transformations. Here, we
perform a detailed study of the low temperature phase
transition exhibited by E2V using single-crystal X-ray
diﬀraction, thermal analysis, vibrational spectroscopy, and
solid-state NMR. Our results conﬁrm that this structural
phase transition satisﬁes the requirements to be classiﬁed as
isosymmetric and provides information about the transition
mechanism.
2. EXPERIMENTAL SECTION
2.1. Crystal Growth. Transparent well-grown block-shaped E2V
crystals suitable for single-crystal X-ray diﬀraction analysis were
selected after the crystallization procedure. To prepare such a crystal,
raw material of E2V (0.005 g) from Pharmacia of Rosario (Saõ Carlos,
SP-Brazil) was dissolved in isopropanol (1 mL) by vigorous shaking of
the mixture at 60 °C. Next, the resulting solution was allowed to
evaporate slowly for 15 days at room temperature.
2.2. Single-Crystal X-ray Structure Determination. Room and
low temperature crystallographic data for the E2V were collected on a
Bruker APEX II microfocus diﬀractometer equipped with a Kryoﬂex II
liquid N2 cryogenic cooling system and using graphite-monochro-
mated CuKα (1.54059 Å) radiation. APEX II program18 was used for
data collection, indexing, and cell reﬁnements. Final unit cell
parameters based on all reﬂections were obtained by least-squares
reﬁnement. The data were integrated via SAINT.19 Lorentz and
polarization eﬀect and multiscan absorption corrections were applied
with SADABS.20 The structure was solved by direct methods, and the
model obtained was reﬁned by full-matrix least-squares on F2
(SHELXTL-201321), using the APEX II18 and the WinGX v2013.222
program packages. All the hydrogen atoms were stereochemically
positioned and reﬁned with ﬁxed individual displacement parameters
[Uiso(H) = 1.2Ueq or 1.5Ueq] according to the ridding model. The C−
H hydrogen atoms were stereochemically positioned and were reﬁned
with ﬁxed individual displacement parameters [Uiso (H) =
1.2Ueq(Csp
2) or 1.5Ueq(Csp
3)] using a riding model with aromatic,
C−H bond length was ﬁxed at 0.93 Å. O−H hydrogen atoms were
located on the diﬀerence Fourier maps, followed by free reﬁnement of
their positions with ﬁxed isotropic thermal parameters (Uiso(H) =
1.2Ueq(N) or 1.5Ueq(O)).
The programs MERCURY (version 2.3)23 and ORTEP-324 were
used to prepare the artwork representations for publication. The CIFs
of the E2V structures were deposited in the Cambridge Structural Data
Base under the codes CCDC 1011296 (RT) and CCDC 1011309
(LT). Copies of these ﬁles may be solicited free of charge from The
Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK, fax: +
44123-336-033; e-mail: deposit@ccdc.cam.ac.uk or http:www.ccdc.
cam.ac.uk.
2.3. Powder X-ray Diﬀraction. The powder X-ray diﬀraction
(PXRD) technique was used to assess the purity of crystalline E2V
sample and to conﬁrm the structures at room and low temperature.
The material formed on the bottom of the crystallizer glass were ﬁnely
ground and mounted on a sample holder (a grooved glass slide). A
Bruker D8 Advance powder X-ray diﬀractometer with geometry θ−θ
equipped with a Cu Kα (λ = 1.5418 Å) X-ray source tube at 40 kV and
40 mA, a Göbel mirror and a LynxEye linear detector. The low
temperature pattern was recorded at 84 K using an Anton Paar TT450
chamber (Figure S1 and Table S2 in Supporting Information).
2.4. Calculation of Hirshfeld Surface for the E2V structures.
To illustrate the main diﬀerences between the intermolecular contacts
observed in the crystal structures of the E2V, Hirshfeld surfaces for the
room and low temperature structures were calculated using the
CrystalExplorer program.25 The Hirshfeld surface is a very reliable tool
when describing packing patterns, allowing undoubtedly diﬀerentiation
of polymorphs. It is currently used for the rapid interpretation of
overall structural features once two-dimensional ﬁngerprint plots can
be readily constructed from these potential maps. Intermolecular
interactions present in the crystal lattices are used to construct these
ﬁngerprint graphics, by plotting de (external distance, deﬁned as the
distance between the calculated Hirshfeld surface, and the nearest
atom of an adjacent molecule within the crystal) versus di (internal
distance, deﬁned as the shortest separation from the calculated
Hirshfeld surface to an atom nucleus of the molecule inputted for
surface calculation). The distance de is associated with short
intermolecular interactions. Relationships between crystal packing
pattern and molecular geometry are understood by analyzing
parameters present in Hirshfeld ﬁngerprint plots. The di values
provide information on atomic and ionic radii.
2.5. Thermal Analysis. The thermal behavior of E2V was
investigated by diﬀerential scanning calorimetry (DSC) and
thermogravimetry (TGA). High temperature DSC curves were
recorded using a Shimadzu DSC-60 system under nitrogen
atmosphere. Several heating/cooling temperature cycles were
performed at diﬀerent constant rates. Sealed aluminum crucibles
with pierced lids were used for both samples (about 5 mg each) and
reference. TGA analyses were obtained in a Shimadzu TGA-50 under
the same conditions used in DSC but using around 10 mg of sample.
High temperature DSC and TGA curves of E2V are shown in Figure
S2 (Supporting Information). Low temperature DSC curves were
measured using a Phoenix 204 system from Netzsch under nitrogen
atmosphere. Several cooling/heating temperature cycles were
performed at diﬀerent constant rates. Sealed aluminum crucibles
with pierced lids were used for both samples (about 5 mg each) and
reference.
2.6. Vibrational Spectroscopy. Infrared spectra (FT-IR) were
recorded on a Vertex 70 Fourier transform infrared spectrometer
(Bruker, Ettlingen, Germany). KBr pellets of solid samples were
prepared from mixtures of KBr and the sample in a 400:1 ratio using a
hydraulic press. Attenuated total reﬂectance and diﬀuse reﬂectance
Scheme 1. Chemical Structure of Estradiol Valerate
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sampling techniques provided similar spectra. A liquid-nitrogen
cryostat (Janis Research, Wilmington, USA) was employed to record
the FT-IR spectra as a function of temperature. The Fourier transform
Raman spectrum was obtained with a RAM2 module coupled to the
FT-IR spectrometer, which used 1064 nm light for excitation and a
liquid nitrogen-cooled germanium detector. Characteristic room
temperature Raman and infrared spectra of E2V are presented in
Figure S3 (Supporting Information).
2.7. Solid State Nuclear Magnetic Resonance. All the solid
state NMR experiments were performed in a Bruker Avance III 400
machine, operating at a 9.4 T magnetic ﬁeld, which corresponds to
399.94 MHz for 1H and 100.57 MHz for 13C resonance frequencies.
This machine is equipped with a MAS 4 mm broadband solid state
probehead. The sample (powdered) was packed in a 4 mm zirconia
rotor, and a KEL-F cap. The carbon-13 1D spectra were obtained by
using a ramped cross-polarization under magic angle spinning with
total sideband suppression (pulse sequence named CPTOSS). These
experiments were conducted at several temperatures, as will be
discussed and using a spinning speed of 5000 Hz. The CPTOSS
parameters were contact time of 3 ms, recycle delay of 3 s, acquisition
time of 34 ms, spectral width of 300 ppm, and 256 scans was averaged.
High power decoupling was done by using TPPM15 decoupler
program under a 1H ﬁeld of 70 kHz. 2D 1H−13C FSLG-HETCOR
experiment were run at 10 000 Hz of spinning speed. The pulse
sequence parameters were recycle delay of 2 s, contact time of 500 μs
for observing spin diﬀusion signals, number of scans of 32 256
transients were obtained in F1, LG ﬁeld of 80Khz, acquisition time of
16 ms and SPINAL64 for decoupler program at 70 kHz of 1H
irradiation. FSLG-HETCOR was performed at only 298 K, in a total
Table 1. Crystallographic Data and Reﬁnement Statistics for E2V at Room and Low Temperatures
empirical formula C23H32O3
formula weight 356.49
crystal system monoclinic
space group P21
wavelength (Å) 1.54178
temperature (K) 298(2) 100.0(2)
unit cell dimensions (Å; °)
a 7.3706(2) 7.5539(12)
b 19.8583(5) 18.667(3)
c 13.9888(3) 14.092(2)
β 90.619(2) 90.402(8)
volume (Å3) 2047.39(9) 1987.0(5)
Z 4 4
density (calculated) (Mg/m3) 1.153 1.192
absorption coeﬃcient (mm−1) 0.586 0.604
F(000) 772 776
crystal size (mm3) 0.468 × 0.142 × 0.058 0.47 × 0.14 × 0.06
θ range for data collection (°) 4.45−66.57 4.74−66.81
index ranges −8 ≤ h ≤ 7, −21 ≤ k ≤ 23, −15 ≤ l ≤ 16 −7 ≤ h ≤ 8, −22 ≤ k ≤ 21, −16 ≤ l ≤ 16
collected reﬂections 25841 15737
independent reﬂections 6321 [Rint = 0.0389] 6129 [Rint = 0.0281]
completeness to θ = 67.68°/66.81° (%) 92.0 93.9
reﬁnement method full-matrix least-squares on F2
data/restraints/parameters 6321/1/474 6129/1/479
goodness-of-ﬁt on F2 1.045 1.142
ﬁnal R indices [I > 2σ(I)] R1 = 0.0573, wR2 = 0.1552 R1 = 0.0381, wR2 = 0.0922
R indices (all data) R1 = 0.0690, wR2 = 0.1649 R1 = 0.0421, wR2 = 0.1046
largest diﬀ peak and hole (e·Å−3) 0.280 and −0.290 0.214 and −0.252
Figure 1. ORTEP-324 type view drawing of E2V (a) at low temperature and (b) at room temperature, showing the atoms labeling scheme and
thermal ellipsoids with 30% probability.
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time of 4.5 h. For all the experiments, the sample was spun by using
gaseous nitrogen.
3. RESULTS AND DISCUSSION
3.1. Structural Description. A detailed description of E2V
at room and low temperatures is depicted below. We adopt the
following nomenclature for each structure: E2VR (structure at
room temperature) and E2VL (structure at low temperature).
Table 1 exhibits the crystallographic data for both structures.
The main hydrogen-bond interactions for each structure are
listed in Table S1 (Supporting Information). Figure 1 exhibits
an ORTEP-324 view of the asymmetric unit of each structure.
Structure of E2VR. The molecule crystallizes in the
noncentrosymmetric monoclinic space group P21, showing
two independent molecules per asymmetric unit, hereafter
designated as conformers A and B (Figure 1b). The size of the
thermal ellipsoids of the carbon atoms C21, C22, and C23 is
substantially larger than those found in the rest of the molecule,
showing a signiﬁcant thermal vibration in the valerate group.
Initially we tried to reﬁne the valerate chain with a two
positions model, however, the reﬁnement showed to be highly
unstable, thus indicating a high level of dynamic disorder. For
this reason, the data were recollected at low temperature.
E2VR is in its natural conﬁguration with the hydrogens at the
9 and 8 positions assigned as α and β respectively, making the
B/C ring juncture trans. Similarly, the conﬁguration of the
methyl group at the 13 position assigned as β and the 14α
hydrogen denote a trans fusion for the rings C/D. For both
conformers, the ring A is nearly planar, while the ring C is in
the chair conformation. The ﬁve- and six-membered B and D
rings exhibit envelope conformations. In order to illustrate the
main structural diﬀerences between them, conformers A and B
were superimposed (Figure S4a in Supporting Information).
The most important changes lie in the conformation adopted
by the valerate group, deﬁned by the dihedral angles Φ1(O2−
C19−C20−C21), Φ2(C19−C20−C21−C22), and Φ3(C20−
C21−C22−C23) (Scheme 1). The two conformers diﬀer
slightly by the orientation around Φ1, Φ2, and Φ3, which
assume the values of 62.8(14)°, 169.3(13)°, and 111.2(19)° for
conformer A and 76.4(10)°, 175.0(10)°, and 94.41(5)° for
conformer B, respectively. Consequently, the conformer A
exhibits an intramolecular C−H···O interaction absent in
conformer B. Such interaction involves the carbon C16 of the
D ring and the oxygen O2 of the valerate group (C16−H16B···
O2, Table S1 in Supporting Information). Besides these
Figure 2. Crystal packing of (a) E2VR and (b) E2VL, evidencing the intermolecular interactions and the crystal packing along the a axis.
Figure 3. Full ﬁngerprint graphics of E2V structures and most of the contacts ﬁlling them. The blue color indicates lower proportions of the (di, de)
pair; green represents an intermediary frequency; red implies an upper limit fraction greater than 0.1% of the surface points with the same (di, de)
combination.
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diﬀerences, it is worth mentioning that in both conformers the
valerate group at position 17 has a bisectional orientation.
The E2VR crystal packing is dominated by strong O−H···O
hydrogen bonds and van der Waals contacts. For both
conformers, the intermolecular O−H···O hydrogen bonds led
to the formation of inﬁnite 1D chains along the [001] direction,
in which the hydroxyl oxygen O2 atom acts as an H-bond
donor to the carbonyl group C19O3 (O1A−H1···O3A and
O1B−H1···O3B, Table S1 in Supporting Information). As can
be seen in Figure 2a, the 2-D assembly is made of alternating
1D chains of conformers A and B along the [010] direction. It
is interesting to mention that even the 2D as well as the 3D
assembly is stabilized only by van der Waals contacts.
Structure of E2VL. The molecule crystallizes in the same
space group reported at room temperature, P21, and also
exhibits two independent molecules per asymmetric unit,
conformers A and B (Figure 1a). In both conformers, the A, B,
C, and D rings adopt the same conﬁguration described for the
E2VR structure. As can be seen in Figure S4b (Supporting
Information), the conformers A and B diﬀer with respect to the
values of the dihedral angles Φ1, Φ2, and Φ3; however, such
deviations are practically insigniﬁcant. Interestingly, at low
temperature, there is no occurrence of pronounced intra-
molecular hydrogen bonds.
Inspection of the crystal packing has revealed that E2VL also
assemblies along the [001] direction through strong O−H···O
hydrogen bonds, showing the same pattern of interactions
observed in the E2VR structure (O1A−H1···O3A and O1B−
H1···O3B, Table S1 in Supporting Information). The packing is
also characterized by alternating 1D chains of conformers A and
B along the [010] direction (Figure 2b). However, diﬀerently
from the E2VR structure, conformer B appears connected to
conformer A by a C−H···π interaction, giving rise to the
formation of a BA motif. These motifs interact with each other
by van der Waals contacts, which in turn are responsible for the
stabilization of the 3D assembly.
Hirshfeld Surface Analysis. By considering that the X-ray
crystal structures for both structures of E2V exhibit very close
values of unit cell and subtle conformational diﬀerences,
ﬁngerprint plots (Figure 3) derived from the Hirshfeld surfaces
were employed to better analyze the interactions that emerge
from these diﬀerences, already described in the previous
section. The plots were generated by coordinating two-
dimensional grids using the (di, de) pairs measured on each
individual spot of the calculated Hirshfeld surface. In these
graphics, the d-values range from 0.4 to 2.6 Å. A color gradient
from blue to red represents the proportional contribution of the
(di, de) pair to the global Hirshfeld surface.25 With this tool,
any region of the molecule within the crystal chemical
environment can be screened.
By comparing the two-dimensional ﬁngerprint plots of the
E2V structures, it is possible to observe some similarities, but
doubtlessly one can separate the main interactions diﬀerences.
Both plots show similar sharp spikes referring to the presence
of strong O···H hydrogen bonds, to know the O1−H1···O3
ones. Also, the weak C16−H16···O2A interaction occurring in
Figure 4. (a) Overlay of the conformers A and B at diﬀerent temperatures and (b) values of the torsion angles that describe the conformation of the
valerate group at both temperatures.
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the E2VR structure can be observed, once it appears like a
shoulder in the region of ∼2.6 Å. However, remarkable
diﬀerences can be seen for the H···H and C···H contact areas.
Indeed, these contacts are related to the solid-state conforma-
tional features of the E2V molecule at room and low
temperature, described earlier. The H···H contact area of the
E2VR structure is thinner than that of the E2VL one, forming a
spike whose end dots have di and de values at ∼1.0 Å. This
sharpness can be associated with the dynamic disorder present
in the room temperature structure, which results in closer H···
H contacts. On the other hand, the E2VL H···H contact area is
wider with the di and de values in ∼1.1 Å, in accordance with
the ordering of the valerate group. Finally, by comparing the set
of the short C···H contacts, it is clear the formation of an
unusual pattern with wings in the E2VL. This pattern can be
attributed to the C14B−H14···Cg1 interaction, which is unique
for this low temperature structure.
Phase Transition. The supramolecular net topology of the
high (298(2) K) and low (100.0(2) K) temperature structures
of E2V are similar, in a fashion to exhibit chains under the
graph-set26 notation C1
1(4), as a result of the O1−H1···O3
hydrogen bonds. No other hydrogen bond, even the weak ones,
can be observed occurring among the molecules. Nevertheless,
the main diﬀerence between the structures lies in the
conformation adopted by the valerate group. E2VR and E2VL
diﬀer substantially in the rotation around the dihedral angles
Φ1, Φ2, and Φ3 (Figure 4). For the conformers A, the most
pronounced changes are in Φ1 and Φ2, which show deviations
of about 94.2° and 98.7°, respectively (Figure 4). The
temperature decreasing and consequently the rotation of the
valerate group also lead to a signiﬁcant reduction in the b axis
(Table 1) and in the anisotropic displacement parameters for
the carbon atoms C21, C22, and C23. Because of that, the b
axis contracts more than 1.2 Å, far away from the normal range
expected for a cell reduction as a function of the temperature,
whereas the other cell parameters suﬀer an increase instead of a
contraction. However, the crystal packing at both temperatures
is very similar. In fact, since the valerate group is not involved in
any signiﬁcant interaction, it is comprehensive that the E2VR
and E2VL structures have been preserved in the same
intermolecular O−H···O hydrogen bonds pattern, with
exception of the C−H···π interaction observed only in the
E2VL structure. At this point, it is important to highlight that
the large conformational change accompanied by the
anomalous contraction of the lattice strongly suggests the
existence of a structural phase transition. However, both the
space group and the atomic site symmetry are preserved in the
high and low temperature structures. Such a structural phase
transition should be isosymmetric, but, as stated in the
introduction, an isosymmetric phase transition must satisfy
additional conditions, which were conﬁrmed by complementary
techniques.
3.2. Thermal Analysis. To study the thermodynamic
processes involved in the phase transition, DSC curves below
room temperature were obtained on heating as well as on
cooling cycles. Figure 5 depicts one of these cycles recorded at
1 K/min. The cooling cycle is characterized by an exothermic
peak with an onset temperature of 251.1 K, whereas the heating
cycle exhibits an endothermic peak at 256.3 K, showing an
hysteresis of approximately 5 K. Notice that both events have
associated approximately the same transformation enthalpy
(∼12.7 J/mg). Both, the latent heat and the temperature
hysteresis support the existence of a reversible ﬁrst-order solid−
solid phase transition at low temperatures, giving additional
evidence in favor of its isosymmetric character.7,9,27
The E2VR and E2VL structures diﬀer not only on the
orientation of the valerate chain but also in their ordering
states. As it may be observed in Figure 1b, the terminal carbons
of this chain are characterized by large thermal ellipsoids
featuring a complex dynamic disorder state which cannot be
modeled. Calorimetric measurements can shed some light on
the mechanism involved in the observed phase transition. On
one hand, displacive phase transitions are usually characterized
by a rather small entropy change (ΔS ≈ 0.1R, R: gas constant).
On the other hand, in an order−disorder process the
conformation contribution to the entropy is the dominant
term, which is related to the total number of conﬁgurations ΔS
= R ln(N2/N1) (N1: ordered and N2: disordered).
8,28 According
to the DSC results, the transition entropy accompanying the
phase transformation can be rewritten, on cooling, as ΔS ≈ R ln
8.23 and, on heating, as ΔS ≈ R ln8.89. These values clearly
show that a large number of states are associated with the high
Figure 5. E2V DSC curves below room temperature recorded during heating and cooling cycles at 1 K/min.
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temperature phase, in good agreement with the complex
dynamic disorder observed at room temperature.
On the basis of the thermal analysis results, the main
mechanism involved in the phase transition is the freezing of
the dynamic disorder (order−disorder character). This process,
according to single crystal X-ray diﬀraction, is followed by a
conformational change of the valerate group, which, by
lowering the temperature, tend to align to the molecular
plane, unlike the room temperature structure in which these
atoms are outside the steroidal skeleton. Even though this
phase transition is reversible, it is important to point out that
during the single crystal X-ray diﬀraction experiment a severe
loss of the crystalline quality at low temperature was observed.
As the temperature reaches the transition point, the crystal
converts from a clear transparent prism into an opaque white
prism. This change in the appearance of the sample, which
sometimes cause the break of the crystal into pieces, was
accompanied by a drastically reduction in the quality of the
diﬀraction patterns. Consequently, obtaining a good quality low
temperature data set was an extremely diﬃcult task.
3.3. Solid State NMR. XRD data clearly demonstrated the
presence of two conformers of E2V per asymmetric unit at
room temperature, where the torsion angles that aﬀect the
conformation of both molecules are related to the valerate
branch. At room temperature (298 K), the previously proposed
packing (Figure 2a) exhibits strong intermolecular hydrogen
bonds (O1−H1···O3) between the carboxyl (CO3) and the
hydroxyl (H−O1) groups. This packing pattern seems to aﬀect
the magnetic environment of the carbons C19, C2, C3, C23,
once these signals are duplicated, as it can be seen in Figure 6a,
which is related to E2VR. This behavior is consistent with the
existence of two diﬀerent conformers of the same molecule in
the asymmetric unit. The other signals appear as singlets,
possibly because of the similarity of the conformers. Additional
duplicate signals are not observed probably due to a strong
band overlap, mainly in the aliphatic region. The assignment of
all 13C NMR signals was possible by using three variants of
cross-polarization experiments (Figure S5, Supporting Informa-
tion), and the results are summarized in Table 2.
Previous discussions about XRD experiments conducted at
low temperature (100 K) permitted us to conclude the
existence of a phase transition mainly associated with changes
in the orientation of valerate chain. Unfortunately, it was not
possible to perform NMR experiments at 100 K because of the
limited range of temperatures supported by the used probehead
(213−393 K). However, according to thermal analysis data
(Figure 5), the phase transition takes place, on cooling, in the
range between 253 and 233 K. Complementary to single crystal
XRD, solid state NMR was useful for monitoring phase
transitions, because this technique can provide information
even in the case of poor single crystals or polycrystalline
samples. In this context, solid state NMR experiments were
performed at several temperatures as shown in Figure S6,
available in Supporting Information.
No diﬀerences in the 13C NMR spectrum proﬁles are
observed down to 251 K (Figure S6), in comparison to 298 K
data (already shown), but signiﬁcant changes are observed at
243 K, as shown in Figure 6b. At 243 K all the 13C NMR signals
suﬀered some deviation in their chemical shift and/or changes
in their shape. A clear example of this behavior occurs with the
signals attributed to carbons from the aromatic ring (A), which
were some of the most aﬀected. These signals did not exhibit
signiﬁcant changes in their chemical shift, but all of them
became broader or unfolded. This is typically related to a
structural phase transition, which leads to several environments
in the packing pattern, resulting in more than one line for the
same carbon. Another important eﬀect coming from the
structural transformation that should be noted is the C−H···π
interaction, which is only present at low temperature. The
changes in the valerate unit orientation caused by the reduction
of the temperature induces an important perturbation of the
electronic environment around the π cloud from the aromatic
ring A (Figure 2). Before the thermal stress (at 243 K), these
weak interactions are responsible for the stability of the
crystalline packing, but as observed, this packing started to be
modiﬁed at higher temperatures (above 251 K), ending in the
Figure 6. 13C Solid state NMR spectra for estradiol 17β valerate at 298
K (a) and 243 K (b).
Table 2. 13C Chemical Shift for Estradiol 17β Valerate at 298
K and 243 K
carbon chemical shift (ppm) 298 K chemical shift (ppm) 243 K
1 126.4 126.6; 125.5; 124.7 (broad)
2 113.2; 114.4 (duplicate) 114.1; 113.3 (broad)
3 155.5; 155.8 (duplicate) 155.1 (broad)
4 115.8 115.8 (broad)
5 138.5 137.6; 139.8 (broad)
6 38.4 39.4
7 30.2 30.9
8 39.6 39.4
9 28.1 39.4
10 132.2 131.6; 133.1 (broad)
11 27.2 27.2
12 35.8 34.6 (duplicate)
13 43.0; 43.2 (duplicate) 43.3
14 48.2 47.0
15 24.0 27.2
16 31.2 30.9
17 85.7 85.8
18 13.3 13.2
19 178.7; 177.8 (duplicate) 177.2 (broad)
20 38.9 39.4
21 28.5 23.7
22 21.6 23.2
23 12.6; 12.9 15.7
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breaking of these weak interactions. As a result of this behavior
one may observe changes in the signals of the aromatic carbons
and also those ones from the valerate branch (C19, C20, C21,
C22, C23). Most of the signals related to the carbons from
rings C, D, and E and also those ones from valerate branch
suﬀered signiﬁcant variation in their chemical shifts, as
presented in Table 2. Some broadening of the signals can
also be considered, once we have an interface in the phase
transition, with other possible intermediate conformations.
Other reason for this broadening can be reduction of the
molecular motion at low temperature that also reduces the
transverse relaxation time (T2), which is related to the line
width according to ν ∝ 1/πT2*.
After reaching 243 K we started to heat the sample to 323 K.
As it can be seen in Figure S6 (Supporting Information), there
is a strong tendency to restore the initial conformations, in a
hysteresis behavior, as already observed by thermal analyses.
From NMR spectra, this behavior can be noticed by analyzing
the signals related to aliphatic carbons from rings C, D, and E,
which are rapidly restored into their initial proﬁles. However,
the restoration of the crystalline structure at room temperature
seems to occur more slowly for the rest of the signals (from
aromatic and valerate branch), which are the most aﬀected in
the transition phase, as already observed by XRD data.
There are almost no reports of isosymmetric phase
transitions investigated by ssNMR. Swainson et al. discussed
the low temperature polymorphs of NH4PF6 and stated that
there was almost no evidence of the isosymmetric transition in
the ssNMR spectra, which showed a continuous behavior along
the critical temperature.6 That is not the case of the results
reported for the E2V. The 13C spectra of this compound exhibit
a remarkable diﬀerence above and below the phase transition,
supporting the hypothesis of the existence of a discontinuity, as
expected in an isosymmetric transition.
3.4. Vibrational Spectroscopy. Low temperature infrared
spectra of E2V were recorded down to 193 K. A ﬁrst
comparison of the room and low temperature spectra does not
exhibit a strong dependence of the vibrational modes with the
temperature (Figure S7 in Supporting Information). This
observation is consistent with the stability of the steroidal
skeleton. The splitting of the stretching modes of the carbonyl
and hydroxyl groups at low temperature is in good agreement
with the presence of two E2V in the asymmetric unit. These
moieties determine the main intermolecular interactions (Table
S1 in Supporting Information), but changes in donor−acceptor
distances and angles are not reﬂected in the vibrational spectra
and subtle shifts in the wavenumber of the corresponding
stretching bands are observed (<5 cm−1), in good agreement
with the preserved intermolecular pattern and space group.
A detailed comparison of the temperature dependence of the
infrared absorbance allowed us to identify three bands at 1116,
1200, and 1428 cm−1 that show a remarkable intensity increase
at low temperature (Figure 7). This eﬀect was ascribed to the
low temperature phase transformation, and it was conﬁrmed to
be fully reversible under several cooling/heating cycles. Since
these bands are in the middle of the ﬁngerprint region of a
complex molecule, it is diﬃcult to provide a reliable assignment.
In order to support this task, quantum mechanical calculations
(see details in Supporting Information) were performed
considering the two conformers determined by single crystal
X-ray diﬀraction as starting points. The geometrical optimiza-
tion procedure does not induce signiﬁcant changes in the
molecular conformation (Figure S8). As a rule, the calculated
spectra agree fairly well with the experimental one. Since it is
not the aim of this contribution to discuss the theoretical
results, just selected regions of the scaled calculated infrared
absorbance spectra are plotted at the bottom of Figure 7. The
most remarkable feature in the temperature dependence of the
Figure 7. Temperature dependence of the infrared absorbance.
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FT-IR spectra is the intensity increase of the band at 1200 cm−1
(labeled as II). The main contribution to this vibrational mode,
based on the DFT calculations, comes from the stretching of
the C19−O2 bond and the CH wagging of the methyl and
methylene groups (see the vector displacement of molecule II
in Figure 7). A similar behavior is observed in the case of the
mode labeled as I (1116 cm−1), being described as in-phase
deformation of the methylene groups. In the room temperature
conformer, a very weak out-of-phase vibration is observed in
the same spectral region, which induces opposite contributions
to the dipole moment. This eﬀect is clearly reﬂected in the
calculated spectra, with the intensity of the corresponding
modes in the 100 K conformer around 3.5 times higher than
those of the 298 K conformer. The last band to be considered is
the one labeled III, which is very weak at room temperature but
has a medium intensity at 183 K. DFT calculations allowed us
to correlate this mode in the 100 K conformer to a pure
bending of the C20H2 methylene group. It is interesting that
such a mode is not observed in the case of the room
temperature conformer, where the C19H2 bending is coupled
in phase to the one of the C20H2 group. Because of the trans
arrangement of these groups, they induce opposite dipole
moments reducing the IR intensity at room temperature, but
the low temperature decoupling makes the C20H2 contribution
dominant and the intensity increases (around 4 times according
DFT calculations).
At this point, it is important to highlight that since
isosymmetric phase transitions do not alter the space group,
translational symmetry must also be preserved. As a
consequence, the phonon modes related to transition
mechanism are totally symmetric in both phases.29 Because of
that, vibrational spectroscopy, mainly Raman scattering, has
been used to verify the existence of isosymmetric transi-
tions.4,5,30−33 Totally symmetric modes are always Raman
active, but in the case of the P21 space group (point group C2),
they are also infrared-active modes. Thus, it is not surprising
that the vibrational modes described in Figure 7 are directly
related to the mechanism driving the phase transition. The
temperature evolution of the infrared absorbance provides
additional support to the reorientation of the valerate fragment,
which is the main diﬀerence between the low and high
temperature phases. The FT-IR spectra are in good agreement
with the structural results, but failed to show the discontinuity
at the phase transition. However, the observation of exo-/
endothermic events in the cooling/heating DSC curves and the
abrupt chances in the ssNMR spectra clearly ﬁngerprint the
existence of a discontinuous ﬁrst-order phase transition below
room temperature.
4. CONCLUSION
The low temperature structural phase transition exhibited by
the API estradiol 17β valerate was carefully investigated. The
crystalline structures of the low and room temperature phases
were determined by single crystal X-ray diﬀraction, showing a
large conformational reorganization. However, the phase
transition does not alter the space group nor the number and
symmetry of atoms in the unit cell. In addition, thermal analysis
conﬁrmed a ﬁrst-order phase transition at 251.1 K (on cooling).
The entropy variation suggests that this transition has an
order−disorder character, in good agreement with crystal
structure determination. Solid state nuclear magnetic resonance
(13C) spectra also conﬁrm the structural phase transition,
supporting the hypothesis of a discontinuous transition. The
reorientation of the valerate chain as a relevant transition
mechanism is evidenced in the temperature dependence of the
infrared absorption spectra. In conclusion, the combination of
complementary experimental techniques, which provide
information about the average crystalline structure, thermody-
namic variables and local environment, allowed us to verify that
estradiol 17β valerate exhibits a reversible isosymmetric phase
transition driven by an order−disorder mechanism accom-
panied by a large conformational reorientation of the valerate
chain.
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